Stochastic ship roll motion via path integral method  by Cottone, G. et al.
 
 
 
 
AB
ve
ex
Th
fu
va
fo
 
KE
Ch
 
 
 
IN
sh
as
flo
es
lo
an
lo
m
pr
sh
by
sy
in
bu
an
ty
gl
pr
Ti
im
pr
pr
sta
dy
co
 
 
C
e-
 
ⓒSNAK,2010
1Di
STRACT: T
ry important 
citations the e
e PI method 
nctions at two
lue at later cl
r ship roll dyn
Y WORDS: 
apman-Kolmo
TRODUCTI
 
The influenc
ips and offsho
 ice thickness
ating structur
sential problem
cal or global i
d non-smooth
ads on the bo
odeled by a P
oblems encou
ips during the
 Ibrahim et a
stems, new d
ternational org
ilding of ships
Ice loads ac
d have non-sm
pe. In full-scal
obal loads re
essures (see, 
mco and John
pact type and
ocess of loa
obabilistic ap
bility, respo
namical system
nsidered in re
orresponding a
mail: ibrahim
Stoch
G. C
partimento di 
2Wayn
he response of
in studying th
volution of the
relies on the
 close interval
ose time can b
amics under ra
Ship roll; Ran
gorov equatio
ON  
e of floating i
re structures 
 and its relat
e. The ice resi
 in ship desig
ce loads acting
 when impact 
w of a ship n
oisson law. T
ntered by offs
ir navigation 
l. (2007). In 
esign regulati
anizations tha
 as well as off
ting on ocean
ooth characte
e experiments
vealed random
e.g., Meyerho
ston, 2004). I
 have been 
ding events. 
proaches whe
nse, and re
s under Pois
ferences (e.g
uthor: Raouf A
@eng.wayne.e
astic ship
ottone1, M. 
Ingegneria Str
e State Univer
 ship roll osc
e safety of s
 probability d
 Chapman-Ko
s of time. Onc
e evaluated. T
ndom impulsi
dom impulsiv
n. 
ce on the dyn
depends on m
ive speed wit
stance to ship 
n and navigati
 on ocean sys
interaction tak
avigating in s
he assessmen
hore structure
has recently b
view of ice 
ons have bee
t are involved 
shore structure
 systems are r
ristics when th
, measurement
ness in the 
ff and Schlac
n some cases,
assumed as a
Thus, one m
n studying s
liability. The
son random pr
., Köylüoğlu, 
. Ibrahim 
du 
 roll moti
Di Paola1, R.
utturale Aeros
sity, Departme
illation under
hips navigatio
ensity functio
lmogorov equ
e the respons
he PI method 
ve white noise 
e ice loading;
amic behavior
any factors su
h respect to t
motion forms 
on. Furthermo
tems are rando
es place. Imp
olid ice may 
t of ice relat
s as well as 
een document
loads on mari
n introduced 
in the design a
s.  
andom in natu
ey are of imp
s of ice local a
ice forces a
hter, 1980; a
 ice loads are 
 Poisson arriv
ust deal w
hips’ stochas
 treatment 
ocesses has be
et al., 1995; 
on via pat
 Ibrahim2, A.
 
pazialee Geot
nt of Mechani
 
 random ice im
n in cold reg
n of roll motio
ation, which 
e probability d
is first demon
excitation. 
 Poisson distr
 of 
ch 
he 
an 
re, 
m 
act 
be 
ed 
by 
ed 
ne 
by 
nd 
re 
act 
nd 
nd 
nd 
of 
al 
ith 
tic 
of 
en 
Di 
Paola a
For
respons
Plank K
equatio
equatio
density
shown 
and V
solution
variatio
transitio
(Spence
approac
effectiv
probabi
momen
time of
rewritin
kernel i
can eva
an early
point is
investig
even if
Gaussia
that the
simplif
accurac
simulat
Recentl
of Poi
Inter J
h integra
 Pirrotta1 and
ecnica,Viale d
cal Engineerin
pulsive loads
ions. Under 
n is evaluated
governs the 
ensity functio
strated via sim
ibution; Path 
nd Pirrotta, 19
 systems unde
e statistics m
olmogorov (F
n. However, e
ns governing t
 function (pdf)
by Caughey a
asta, 1995). 
s technique
nal methods b
n pdf (Atki
r and Bergm
h (Köylüoğlu
e tool for e
lity density 
ts of various o
 strong nonlin
g the FPK e
s the transition
luate the resp
 close time in
 to define the
ation. In the c
 the system is
n (short-time
 kernel of th
ies the analysi
y of this met
ion and the ex
y, Di Paola an
sson white 
Nav Archit Oc
http://dx.doi.org/10.2478/IJNAOE-2013-0027
l method 
 R. Santoro1 
elle Scienze, P
g, Detroit, US
 modeled by P
both external 
 using the pat
response trans
n at an early 
ple dynamica
integral; Param
99; and Propp
r normal or no
ay be obtaine
PK) equation 
xact solutions
he evolution o
 are known o
nd Dienes (1
Alternatively
s have bee
ased on eigen
nson, 1973), 
an, 1993) a
 et al., 1995)
valuating the
at each time
rders, energy r
ear systems. T
quation in int
 probability d
onse pdf at tim
stant (t) is alre
 kernel accor
ase of normal
 nonlinear, th
 Gaussian ap
e integral fo
s as shown by 
hod was valid
act solution w
d Santoro (20
noise by eva
 Engng (2010)
alermo, Italy
A 
oisson arriva
and paramet
h integral (PI)
ition probabi
close time is sp
l models and t
etric random
e, 2003). 
n-normal whit
d by solving t
or the Kolmog
 of the partial 
f the response
nly for very f
961), Dimentb
, several a
n developed 
function expan
finite eleme
nd the path 
. The PI app
 response in
 instant, for 
esponse pdf, f
his approach 
egral form in
ensity functio
e (t+τ) when
ady specified. 
ding to the sy
 white noise, i
e transition pd
proximation). 
rm is Gaussia
Barone et al. 
ated using M
hen the latter i
08) have stud
luating the 
 2:119~126 
l process is 
ric random 
 approach. 
lity density 
ecified, its 
hen applied 
 excitation; 
e noise, the 
he Fokker-
orov-Feller 
differential 
 probability 
ew cases as 
erg (1982) 
pproximate 
including 
sion of the 
nt method 
integration 
roach is an 
 terms of 
evaluating 
irst passage 
is based on 
 which the 
n. Thus one 
 its value at 
The crucial 
stem under 
f τ is small, 
f is almost 
It follows 
n and this 
(2008). The 
onte Carlo 
s available. 
ied the case 
conditional 
Copyright © 2010 Society of Naval Architects of Korea. Production and hosting by ELSEVIER B.V. This is an open access article under the CC BY-NC 3.0 license
( http://creativecommons.org/licenses/by-nc/3.0/ ). 
120 Inter J Nav Archit Oc Engng (2010) 2:119~126
 
 
 
probability density function (cpdf) in order to apply the PI 
method also for these systems.  
The path integral technique was applied to the roll 
nonlinear motion of a ship in irregular waves by Kwon et al. 
(1993). The exciting moment due to the irregular waves was 
modeled as a non-white noise. Both damping and nonlinear 
restoring functions were included with the equivalent white-
noise intensity. Lin and Yim (1995) developed a stochastic 
analysis scheme to examine the properties of chaotic roll 
motion and capsize of ships subjected to periodic excitation 
with a random noise disturbance. The associated Fokker-
Planck equation governing the evolution of the probability 
density function of the roll motion was numerically solved by 
the path integral solution procedure to obtain joint probability 
density functions in state space. It was found that the 
presence of noise enlarges the boundary of the chaotic 
domains and bridges coexisting attracting basins in the local 
regimes. The probability of capsize was considered as an 
extreme excursion problem with the time-averaged 
probability density function as an invariant measure. Another 
version of the path integration approach based on the Gauss-
Legendre quadrature integration rule was proposed by Gu 
(2006). It was applied for estimating the probability density 
of the nonlinear roll motion of ships in stochastic beam seas. 
The ship roll motion was described by a nonlinear random 
differential equation that includes a nonlinear damping 
moment and restoring moment. The results include the time-
evolution of the ship response probability density as well as 
the tail region, where the probability value is very important 
for the system reliability analysis.  
The case of small ships with water on deck subjected to 
random beam waves described by to a periodic force and 
white noise perturbation was considered by Liqin and 
Yougang (2007) using the path integral solution. This type of 
ship motion is governed by two dynamical regions: 
homoclinic and heteroclinic, where the heteroclinic model 
emulates symmetric vessel capsize and the homoclinic model 
represents a vessel with an initial bias caused by water on 
deck. The random Melnikov mean square criterion was used 
to determine the parameter domain for the ship's stochastic 
chaotic motion. The evolution of the probability density 
function of the roll response was calculated by solving the 
stochastic differential equations using the path integral 
method. It was found that in the probability density function 
of the system has two peaks for which the response of the 
system was found to jump from one peak to another for large 
amplitudes of periodic excitation. Manotov and Naess (2009) 
developed a combined analytical-numerical approach 
referred to as the successive-transition method, which is 
essentially a version of the path-integration solution and is 
based on an analytical approximation for the transition 
probability density. The method was applied to one-
dimensional nonlinear Ito's equation describing the velocity 
of a ship maneuvering along a straight line under the action 
of the stochastic drag due to wind or sea waves. It was also 
used for the problem of ship roll motion up to its possible 
capsizing. It was indicated that the advantage of the proposed 
successive-transition is that it provides an account for the 
damping matrix in the approximation. 
The case of Gaussian white noise acting simultaneously 
with Poisson white noise has not yet been considered in the 
literature and the present work is an attempt to extend the PI 
method for this case. In particular, the method will be utilized 
to examine the ship roll oscillation under parametric normal 
white noise acting simultaneously with additive Poisson 
white noise.  
 
 
 
PATH INTEGRAL METHOD 
 
This section provides the general features of the PI 
method by adopting a simple nonlinear system driven by a 
white noise described by the one-dimensional equation: 
 
0
( ) ( ) ( , ) ( )
(0)
X t X t f X t W t
X X

   


                (1) 
 
where f(X,t) is a deterministic nonlinear function of the 
response X(t) and time t, αis a positive parameter and W(t) is 
a white noise and Χ0 is the initial condition that may be either 
deterministic or random (Gaussian or non-Gaussian). 
The starting point of the PI method is the Chapman-
Kolmogorov equation that holds true, because of the 
Markovian property of the response: 
 
( , ) ( , , ) ( , )X X X
D
p x t p x t x t p x t d x           (2) 
 
The numerical implementation of the PI method requires 
selecting a computational domain D. It is convenient to select 
a symmetrical computational domain with a given maximum 
size, xmax = |x1|, i.e., -x1≤ x≤ x1. The size of the domain is 
identified by, first, running a Monte Carlo simulation with a 
low number of samples. Then, dividing the domain in a 
discrete number of intervals, nx, for each grid point, the path 
integral from equation (2) can be evaluated. One has to 
evaluate the kernel in equation (2), which requires the 
conditional joint pdf. From the entire set of trajectories of the 
response process, X(t), one has to select those deterministic 
values at time t, i.e., x̅, hereafter denoted as X̅(ρ)(see Fig.1), 
by solving of the following differential equation: 
 
( ) ( ) ( , ) ( )
(0)
X X f X W t
X x
          

 
(3) 
 
where x̅ is a deterministic initial condition and  0≤ρ≤τ. Note 
that the cpdf of equation (1) coincides with the unconditional 
pdf of equation (3) evaluated at , i.e., 
 
( , , ) ( , )X Xp x t x t p x                       (4) 
 
Fig.1 demonstrates the significance of the cpdf of the 
stochastic process X̅(ρ) evaluated in ρ=τ. These are the 
general features of the PI method. To this end the problem is 
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to specify the kernel, which is dependent on the system and 
excitation characteristics.   
 
 
 
Fig.1 Sample functions of the process X̅(ρ) and conditional pdf. 
 
Systems under Poisson White Noise 
 
Sample functions of Poisson white noise process WP(t) in 
equation (1) may be written in the form  
 
( )
1
( ) ( )
N t
P i i
i
W t R t T

  
                          
(5) 
 
where δ(●)is the Dirac’s Delta function, Ri is the i-th 
realization of the random variable R with assigned probability 
density function pR(r). Ti is the i-th realization of the random 
variable T independent of R and distributed in time according 
to the Poisson law and N(t) is the so-called counting process 
giving the total number of impulse occurrences in [0,t). The 
whole process defined by equation (5) is fully described by 
the cumulants: 
 
         1 2 1 2 1nn n nP P PK W t W t ...W t E R t t ... t t            (6) 
 
where λ is the mean number of impulse occurrences per unit 
time.  
Replacing W(t) by WP(t) in equation (1) one can describe 
the evolution of the system response pdf by the Kolmogorov-
Feller equation 
 
X
X X
R X
p ( x,t ) ( ( x,t )p ( x,t )) p ( x,t )
t x
p ( r y )p ( y )dy
 



    
 
          (7) 
 
where pX(x,t) and pR(r) are the unconditional pdf of the 
response process X(t) and of the random variable R, 
respectively, and (x,t) = x(t)+f(x,t). 
 
The cpdf рX(x,t+τ|x̅,t) may be obtained by evaluating the 
unconditional pdf in τ of the following differential equation: 
 
( ) ( ) ( , ) ( ); 0
(0)
PX X f X W t
X x
            



     
(8) 
 
Considering to be small, there are two possible different 
situations in the interval (t, t+τ). The first does not contain 
any spikes and this happens in mean 1-λ(t)τ times. The 
second contains one spike whose amplitude possesses the 
distribution of R. This situation happens λ(t)τ times. Since the 
time interval  is small an approximation of X̅(t), when no 
spikes occur, is given by solving equation (1), in which we 
set W(t)=WP(t)=0, as: 
 
( ) ( , ) ( , , )X x x f x t y x t                      (9) 
 
The function (x̅,t,τ) will be denoted as y(x̅). When one 
spike occurs, X̅(τ) may be evaluated in the approximate form 
 
( ) ( )X y x R                            (10) 
 
Equation (10) remains valid when  is small, but if is 
not small the location of the spikes within the interval will 
influence the value X̅(τ). On the other hand, equation (9) is 
deterministic over the time increment 1-ë(t)ô and thus the 
entire sample functions of the response process gives a 
contribution in the pdf of X̅(ρ) in the form (1-λ(t)τ)δ(x-y(x̅)). 
In the remaining λ(t)τ sample functions in which a spike 
occurs one may inspect equation (10), which reveals that X̅(τ) 
is a random variable composed of a deterministic plus a 
random variable with a given pdf. It follows that the pdf of 
X̅(ρ) in is рR(x–y(x̅)), and this occurs over the time increment 
ë(t)ô. The resulting cpdf is 
 
( , | , ) (1 ( ) ) ( ( ))
( ) ( ( ))
X
R
p x t x t t x y x
t p x y x
   
 
   
         
(11) 
 
Substituting equation (11) into equation (2), gives 
 
( , ) (1 ( ) ) ( ( )) ( , )
( ) ( ( )) ( , )
X X
R X
p x t t x y x p x t dx
t p x y x p x t dx
   
 




   
 


        (12) 
 
Since x̅ and y(x̅) are nonlinear the following relationship 
holds 
 
( , ) ( ( ), ) ( )X Yp x t dx p y x t dy x                (13) 
 
In this case, equation (12) may be rewritten in the form  
 
 
 Xp x,t
x
t t  
  XE 
),,(),( XX txτtxpτxp 
 X 

122 Inter J Nav Archit Oc Engng (2010) 2:119~126
 
 
 
( , ) (1 ( ) ) ( , )
( ) ( ) ( , )
X Y
R Y
p x t t p x t
t p x y p y t dy
  
 


  
 
      
(14) 
 
where according to equation (9), one can write  
 
( ), )( , ) (
( )Y X
g y tp y t p x
y x
  
                     
(15) 
 
where g(y) is the inverse relationship obtained from equation 
(9). Equation (14) represents an extension of the PI method to 
a Poisson white noise input.  
Equation (14) is a simple integral equation while the 
Kolmogorov-Feller equation represented by equation (7) is 
an integro-differential equation. In order to study the ship roll 
motion another version of the PI method is necessary for the 
case of combined normal and Poisson white noise. 
 
Systems under Normal and Poisson white noise excitations 
 
The cpdf of the response of systems driven 
simultaneously by Gaussian white noise W0(t) and Poisson 
white noise Wp(t), is not available, and hence the PI method 
may not be implemented. The normal white noise, Wp(t), is 
characterized by the correlation function: 
 
0 1 0 2 1 1 2 2 1 2[ ( ) ( )] ( ) ( ) ( ) ( )E W t W t q t t t q t t t         (16) 
 
where E[●] denotes the ensemble average, q(t) is the strength 
of the normal white noise (if W0(t) is stationary then q(t)=q). 
Note that we don’t have either an equation governing the 
evolution of response pdf or an analytical expression for the 
kernel in (2). However, the cpdf рX(x,t+τ|x̅,t) may be obtained 
by evaluating the unconditional pdf in   of the following 
differential equation: 
 
0( ) ( , ) ( )+ ( )
(0)
pX X( ) f X W t W t
X x
     
     


   
(17) 
 
Again considering being small, there are two different 
situations over the interval τ. The first does not have spikes in 
the presence of the Gaussian white noise, and this happens 
over the time increment 1-λ(t)τ. The second case does have 
one spike whose amplitude possesses the distribution of R, 
simultaneously with the Gaussian one. The latter situation 
happens over the time increment λ(t)τ.  
For the first case where no spikes occur, one has to solve 
equation (17) under Gaussian white noise and setting 
Wp(t+ρ)=0. Furthermore, if small, the so called short time 
Gaussian approximation may be used, i.e., pX(x,τ) follows a 
Gaussian distribution. Then in the pdf of whole sample 
functions of the response may take the following function. 
 
(1 )
2
( )
11
2 ( )
( ( ( , )) )exp 2 ( )
Xp q t
x x x f x t
q t

  
 


     
 
   
         
(18) 
 
In the remaining time increment λ(t)τ a spike occurs with a 
Gaussian white noise and one has to consider the pdf of a 
sum of two random variables one of which is Gaussian and 
the other is the random variable R with an assigned pdf. It 
follows that in the whole sample function, in which the spike 
occurs with the Gaussian white noise, one has a pdf of ( )X   
in given by the convolution integral   
 
 ( )
2
1
2 ( )
( ( ( , )) )exp ( )
2 ( )
X
R
p
q t
x x f x t p x d
q t
    
    
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    

     

  
(19) 
 
The resulting cpdf is given by 
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2
2
( , | , )
( ( ( , )) )11 exp
2 ( )2 ( )
( ) ( ( ( , )) )exp
2 ( )2 ( )
X
R
p x t x t
x x x f x t
q tq t
p x x x f x t d
q tq t

   
     


    
   
 
    
     
 
(20) 
 
 
Substituting equation (20) into equation (2) yields the PI 
solution extended to the case of combined case of Gaussian 
and Poisson white noises. The expression given by equation 
(20) is applied to the system (17) with α=1, and f(X,t)=-
1/2X(t)|X(t). The Gaussian noise W0(t) is assumed to have 
unit intensity, q=1, while the Poisson noise Wp(t) possesses a 
unitary mean rate arrival λ, and pR(x) is Gaussian distributed 
with mean μR=1.5 and variance σ =2.25. The initial condition 
X0 is a standard Gaussian distribution. In order to use the 
short time Gaussian approximation the time interval is 
selected to be τ=0.1. To validate the proposed method, Monte 
Carlo (MC) simulation of equation (1) has been performed 
using Euler’s integration scheme with 5000 samples and 
increment of time 0.005 sec. Fig. 2(a) shows a three-
dimensional representation of the time evolution of the 
response pdf with initial Gaussian pdf.  
It is seen that as the time increases the response pdf 
evolves to a bimodal representation with two peaks around 
the zero mean value. The results are validated by MC 
simulation and Fig. 2(b) shows a comparison of the stationary 
response pdf as generated from MC simulation and PI 
solution. The influence of the combined excitations on the 
response pdf cannot be revealed directly from Fig. 2(b). In 
order to assess this effect the pdf of each excitation should be 
separately plotted. 
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where φ is the ship roll angle, ωnis the natural frequency of 
the ship roll oscillation,   is a linear damping factor, the 
third term represents nonlinear damping, and the cubic term 
is due to the restoring moment together with the linear term. 
In particular W0(t) represents the pitch angle which is 
assumed to be random stationary process and the right-hand 
side is the sea wave moment acting on the ship and is 
represented by the Poisson random process given by equation 
(5). Note that at the roll angle c n /    , the ship 
experiences capsizing. If we consider W0(t) as a normal white 
noise, the ship roll dynamics is captured by the solution of a 
single oscillator under parametric normal white noise acting 
simultaneously with an external Poisson white noise. 
Equation (23) may be rewritten in terms of state variables as 
follows 
 
P( ) ( ) ( , ) ( )t t t W t  Z DZ f Z L                   (24) 
 
where 
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For this case the Chapman Kolmogorov equation is given in 
the form: 
 
1 2 1 2 1 2
1 2 1 2
( , , ) ( , , , , )
( , , )
Z Z
Z
p z z t p z z t z z t
p z z t d z d z
     

 
  
(25) 
 
The conditional pdf in equation (25) may be derived by 
considering the pdf of the response over the time interval of 
the following system 
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,
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Z z
       
(26) 
 
where the initial conditions are the considered deterministic, 
z̅T = [z̅1, z̅2]. Equations (26) may be rewritten in the state 
vector form 
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For small τ, equations (27) yields the following statistics 
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Again, for small τ there are two different situations over time 
interval τ. The first does not contain spikes in the presence of 
the normal white noise, and this happens over the time 
increment 1-λ(t)τ. The second includes one spike which 
occurs simultaneously with the normal white noise over the 
time increment λ(t)τ. In the first case we set WP(t)=0  
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Since Z1 is deterministic, the two processes Z1and Z2 are 
independent. In the absence of spikes the contribution for the 
whole conditional pdf in equation (25) is given in the form 
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The other contribution is given by the convolution integral of 
both excitations: 
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The cpdf of the kernel of equation (25) is 
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The ship roll response pdf is determined for ζ=0.1, ω=1, 
ɑ=0.005, and δ=0.006. The external Poisson white noise 
WP(t)has a jump Gaussian distribution pR(x) with zero mean 
(33) 
Inter J Nav Archit Oc Engng (2010) 2:119~126 125
 
 
 
and standard deviation R=0.07, and the mean rate arrival λ=1/3. The parametric normal white noise W0(t) is assumed to 
possess an intensity parameter q=0.05. The initial condition is 
( , ;0)p    assumed to be a bivariate normal distribution 
with vector mean (0.05,0.025) and covariance matrix
2
2
0.133 0
0 0.133
    

.
 
Integrals have been performed numerically on a grid of 
∆ϕ=∆ϕ=0.01 and time step τ=0.1sec. 
Fig. 3 shows the evolution of the response pdf at various 
time instants starting from the initial condition. It is seen that 
the ship response pdf is essentially non-Gaussian and the 
mean value is shifted with time towards the zero value. The 
observed asymmetry of the response pdf is mainly attributed 
to the system nonlinearity and to the fact that the excitation is 
due to the beam sea waves (i.e., only of one side of the ship 
beam). 
 
 
Fig. 3 Response pdf at discrete time intervals. 
 
The influence of the mean rate arrival is evaluated by 
considering different values of λ=1/3, 1, and 3. These values 
are selected with large difference to reveal the influence the 
mean rate on the response pdf as it increases.  The response 
pdf of ship roll angle is plotted in Fig. 4 and reveals that as 
the mean rate arrival of ice impacts increases the response pdf 
is found to be spread and the extreme ship roll angle is 
extended towards a dangerous value of the capsizing roll 
angle. Furthermore, as the mean rate arrival increases, the 
peak of the response pdf is reduced. In other words, the 
probability of the ship response to reach the capsizing angle 
increases as the mean rate arrival increases. 
 
 
 
CONCLUSIONS 
 
The method of path integral has been implemented to the 
problem of ship roll oscillations subjected to simultaneous 
white noise parametric excitation and addition pulse 
excitation. The additive excitation simulates the pulse of 
random events of floating ice impact to the ship. It has been 
found that the evolution of the ship response probability 
density function is essentially non-Gaussian and the mean 
value is shifted with time towards a zero value. As the mean  
rate arrival of ice impacts increases the response pdf is found 
to be spread and the extreme ship roll angle is extended 
towards a dangerous value of the capsizing roll angle. 
 
 
Fig. 4 Response pdf of ship roll angle for three different 
values of the mean rate arrival. Parameter λ=1/3,1and. 3. 
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